In Chinese hamster ovary cells, microtubules originate at the microtubule organizing center (MTOC) and grow persistently toward the cell edge, where they undergo catastrophe [1] . In axons, microtubule dynamics must be regulated differently because microtubules grow parallel to the plasma membrane and there is no MTOC. GFP-tagged microtubule plus end tracking proteins (+TIPs) mark the ends of growing neuronal microtubules [2] . Their fluorescent ''comet-like'' pattern reflects turnover of +TIP binding sites [3, 4] . Using GFP-tagged +TIPs and fluorescence-based segmentation and tracking tools, we show that axonal microtubules grow with a constant average velocity and that they undergo catastrophes at random positions, yet in a programmed fashion. Using protein depletion approaches, we find that the +TIPs CLIP-115 and CLIP-170 affect average microtubule growth rate and growth distance in neurons but not the duration of a microtubule growth event. In N1E-115 neuroblastoma cells, we find that EB1, the core +TIP [5] , regulates microtubule growth rate, growth distance, and duration, consistent with in vitro data [6] . Combined, our data suggest that CLIPs influence the axonal microtubule/tubulin ratio, whereas EB1 stimulates microtubule growth and structural transitions at microtubule ends, thereby regulating microtubule catastrophes and the turnover of +TIP binding sites.
Results and Discussion
Kymotracker: A Tool to Analyze the Behavior of Dynamic Neuronal Microtubules Microtubules (MTs) are constructed from a/b-tubulin subunits, which assemble in a head-to-tail fashion into a hollow fiber consisting of 13 protofilaments. Each MT has a fast-growing plus end and a slow-growing minus end. MT plus ends switch between phases of polymerization and depolymerization, a behavior termed dynamic instability [7] . The switch from growth to shrinkage is called catastrophe, whereas the switch from shrinkage to growth is called rescue. In many nonneuronal cell types, MTs originate at the MT organizing center (MTOC) and subsequently grow toward the cell edge without undergoing catastrophe [1] . Physical constraints at the cell edge can induce catastrophes [8] . In neurites, MTs grow parallel to the plasma membrane, and there is no MTOC. Instead, plus ends of stable MTs, located throughout the neurite, appear to act as the main nucleating centers for new MT growth [9] . In dendrites, MTs are orientated in a ''bipolar'' manner, whereas axonal MTs are uniformly polarized, with plus ends pointing toward the growth cone [10] .
MT plus end tracking proteins, or +TIPs [11] , specifically accumulate at the ends of growing MTs and are therefore in a strategic position to determine MT fate (for review, see [12] ). Fluorescently tagged +TIPs are widely used as markers for growing MTs. The dynamic behavior of growing neuronal MTs has mainly been analyzed by using manual tracking protocols (e.g., [2, [13] [14] [15] [16] [17] ). This allows assessment of MT growth rates, but a view of overall MT behavior is still lacking. We have developed Kymotracker, which is used in conjunction with NeuronJ [18] and MTrackJ (for explanation, see Supplemental Experimental Procedures available online). Using Kymotracker, we displayed EB3-GFP tracks in a time-lapse imaging experiment in a distance-versus-time plot, i.e., a kymograph ( Figures 1C-1G ). Because all tracks are visualized throughout a complete neurite, all MT growth events are revealed, and a quantitative analysis can be performed on MT growth rates, the length and duration of MT growth events, MT rescues (or novel MT nucleation events, which cannot be distinguished from rescues), MT catastrophe frequencies, and pauzing events.
Qualitative and Quantitative Aspects of Axonal Microtubule Behavior
Kymotracker-based analysis ( Figure 1 ; Figure S1 ; Table S1) reveals that the speed of EB3-GFP displacements, which reflects MT growth rates, is constant throughout neurites, consistent with previous results that used manual tracking [2] . It has been proposed that in small volumes, as in neurites, the soluble tubulin pool is depleted during MT growth, resulting in decreasing MT growth rates and, eventually, catastrophe [19] . However, we do not observe a decreased velocity prior to catastrophe (Figure 1 ; Figure S1 ), indicating that the tubulin pool in neurites is not limiting. Growth rates are also not affected by bends in neurites ( Figures 1D and 1F) . Furthermore, catastrophes and rescues (or MT nucleations) take place at apparently random positions within neurites, and in most neurons branching points do not act as catastrophe inducers (compare tracks in Figures 1C and 1D and Figures  1F and 1G) . Results are similar whether EB3-GFP or other +TIPs are used. These data suggest that EB3-GFP does not influence MT dynamics in a significant manner. Using GFP-APC as a marker [20] , we obtained an estimate for MT shrinkage rates inside neurites ( Figures S1F-S1H ).
MT growth rates, length of growth events, and catastrophe frequencies are 2-fold lower in neurites than in nonneuronal cells, whereas growth rates are 5-fold higher, growth events are three times as long, and catastrophe frequencies are *Correspondence: n.galjart@erasmusmc.nlsimilar compared to in vitro MTs grown in the presence of EB3 [21] . In Chinese hamster ovary (CHO) cells, MTs grow persistently to the membrane, over distances that exceed 20 mm, whereas at the cell periphery they alternate between much shorter periods of growth and shrinkage [1] . By contrast, neurite MTs do not grow persistently. Thus, neuronal MTs display a unique behavior.
It has been suggested that short MTs are transported in axons in both directions by motor proteins [22] . If MTs are growing while being transported, one would expect positive (for anterograde transport) and negative (for retrograde transport) deviations from the normal distribution of MT growth rates, with, in growing neurons, a bias toward higher growth rates because there is net addition of MTs. This was not observed in Xenopus neurons and was used as an argument against MTs being transported [16] . We do detect a nonnormal distribution of MT growth rates in hippocampal neurites, with a bias toward higher growth rates ( Figure 2E ). The percentage of tracks with higher growth rates is small, and the increase in growth rate is less than the reported velocities of motor proteins. Thus, it remains unknown whether these tracks represent transported MTs. If so, only a minority of MTs undergoes transport. In fact, bleaching studies indicate that short MTs are transported at a frequency of w0.4 min 21 [13] . This is lower than the frequency of EB3-GFP tracks.
Because MT catastrophes and rescues (or nucleation events) occur at random positions within a neurite and are unlikely to have a preference for short or long MTs, this predicts that MT size inside neurites is highly variable. Electron microscopy (EM) studies in rat hippocampal neurons support this conclusion [23] , although the average MT length (w5 mm) is below the average length of an EB3-GFP track (w7.5 mm). If short MTs can move over long MTs, then small segments might be transported and used for MT nucleation elsewhere. In this way, MT growth and shrinkage are correlated to MT transport and the distribution of the MT network.
Role of CLIPs in Neurite Microtubule
Behavior CLIP-115 and CLIP-170 are two related +TIPs with a redundant role as microtubule rescue factors in CHO cells [24] . We expressed EB3-GFP in cultured hippocampal neurons derived from Clip1 and Clip2 knockout mice (encoding CLIP-170 and CLIP-115, respectively [25, 26] ). We found a significant increase (p < 0.0001, t test) in MT growth velocities in CLIP-deficient compared to wild-type neurons (Figure 2A ; Table S1 ). CLIP deficiency led to a higher growth rate of the complete population of MTs and not to the generation of a small, fast-growing fraction of MTs ( Figure 2D ). The average length of fluorescent EB3 tracks, reflecting MT growth distances, was also longer than in wild-type neurons ( Figure 2B ; Table S1 ). Thus, in neurons, CLIPs are nonredundant proteins. We found no correlation between a higher MT growth rate and increased EB3-GFP track length (data not shown). Strikingly, the duration of MT growth episodes was the same in wild-type and CLIP-deficient neurons, lasting w40 s ( Figure 2C ; Table S1 ). We also observed similar catastrophe frequencies. This ''programmed'' behavior of neuronal MTs is unique, because it is generally assumed that catastrophe frequencies are inversely correlated with MT growth velocity [27] .
In vitro studies on purified MTs indicate that as an MT switches from growth to shrinkage, it undergoes a series of transitions at its plus end [28] . This is reflected by a nonfirst-order kinetic behavior at plus ends, which in turn implies that the distribution of MT growth times (duration) is nonexponential. The distribution of EB3-GFP growth duration times in wild-type and knockout hippocampal neurons is also nonexponential ( Figure 2E ). Thus, neuronal MTs resemble in vitro grown MTs, suggesting that growing neuronal MTs must undergo certain ''events'' before they start shrinking [28] . CLIPs do not affect these ''events'' but may influence the MT/tubulin ratio in neurons. EM studies suggest that MTs are longer in CLIP-115-deficient than in wild-type neurons ( Figure S2 ), consistent with EB3-GFP tracking data. Monte Carlo-based computer simulations indicate that this might be due to a different conformation or packing of MTs rather than to a different average MT length (data not shown). These data indicate that CLIP-115 is involved in determining MT density in neurons.
Turnover of Microtubule-End Binding Sites in Neurons
Recent in vitro [3, 29] and in vivo [4] experiments have shown that single +TIP molecules exchange rapidly (in the millisecond range) on MT ends, whereas the turnover of MT-end binding sites for +TIPs occurs more slowly (in the second range). The fluorescence ''comet-like'' distribution of a +TIP on an MT end reflects turnover of binding sites. For in vitro grown MTs, the half-life of disappearance of +TIP binding sites (the MT-end decoration time) is approximately 7.5 s and is independent of MT growth rate [3, 29] . This means that, with increasing growth rates, the comet tail length also increases, because more binding sites are generated per second at high MT growth rates, whereas binding sites turn over with a fixed rate.
We initially investigated EB3-GFP fluorescence along neurite MTs via manual measurements and found a similar decay at different MT growth rates ( Figure 3A) . To examine fluorescence decay along the length of an MT, as well as in time, in a more accurate manner, we developed a semiautomated procedure (Figures 3B-3E ; see also Supplemental Experimental Procedures), which was validated by in vitro grown MTs coated with Mal3p-Alexa488 ( Figure S3 ; [3] ). Analysis on kymographs of high (0.3 mm/s) and average (0.16 mm/s) MT growth rates shows that fluorescence decay over the MT ( Figure 3D ) is similar in neurons with different EB3-GFP growth speeds (comet tail length w0.3 mm). Fluorescence decay in time ( Figure 3E ) is also similar with a half-life of disappearance of w2 s (note that this value is less accurate because timelapse movies were acquired at 0.5 frames per second [fps]). Our data indicate that differences in MT growth speed do not affect EB3 binding site turnover at neuronal MT ends. This newly observed behavior differs from that of in vitro grown MTs [3, 29] . Recent data suggest that the ''cap'' of GTP-bound tubulin subunits at the MT end, which protects against catastrophe, may turn over in an exponential manner [30] , similar to +TIPs. If this is correct and EB proteins recognize the ''cap'' [31] , then our data indicate that in neurite MTs, GTP hydrolysis and/or the turnover of +TIP binding sites depends on the position of the tubulin subunit within the MT and not on the growth rate of the MT.
EB1 Affects Microtubule Plus Ends in Neurites
EB1 is the core +TIP, because the protein interacts with most other +TIPs [5] and tracks MT ends autonomously [3, 29] . We therefore tested the influence of EB1 on neuronal MT dynamics. Unfortunately, we were unable to simultaneously knock down EB1 and express GFP-CLIP-170 (to mark growing MT ends) in hippocampal neurons. We therefore used N1E-115 neuroblastoma cells, which grow neurite-like extensions upon serum withdrawal [32] . Of the four small hairpin RNAs (shRNAs) against EB1, shRNA2 and shRNA3 appear to be most effective in depleting EB1 ( Figure 4C ). Immunofluorescence analysis confirms that EB1 levels are significantly reduced in cells transfected with shRNA3 ( Figures 4A-4B 0 ). To test the effect of EB1 on MT dynamics, we cotransfected N1E-115 cells with control or EB1 shRNAs together with GFP-CLIP-170, whose behavior was analyzed with Kymotracker (Figures 4D-4F ; Movie S2). In N1E-115 neurites, MT growth rates were constant, and catastrophes and rescues or nucleation events occurred at random positions ( Figure 4D, top) , as in axons. EB1 knockdown affected MT dynamics in multiple ways. First, we sometimes observed oscillating MTs, in which GFP-CLIP-170 also remained associated with shrinking MTs ( Figure 4D , bottom kymograph). This behavior was previously seen in GFP-CLIP-170-expressing HeLa cells treated with low doses of taxol [4] and suggests that MT end structure is affected. Second, whereas MT growth speed and the length of MT growth events were reduced in EB1 knockdown cells, the duration of MT growth events was increased ( Figure 4E ). Interestingly, EB1 knockdown also resulted in a 2-fold reduction of neurite length ( Figure 4E, right) , demonstrating the important role played by EB1 in neuronal differentiation. We next measured GFP-CLIP-170 fluorescence decay in control and shRNA3-treated cells. Knockdown of EB1 led to a decrease in GFP-CLIP-170 fluorescence at MT ends ( Figure 4F ), indicating that there are less CLIP-170 binding sites at MT ends in the absence of EB1.
Our data reveal that history-dependent catastrophes regulate neurite MT behavior. By contrast, in CHO cells, MTs grow persistently toward the plasma membrane, which serves as a major catastrophe-inducing barrier. EB1 function in N1E-115 resembles its in vitro role [6, 21] , whereas this is not the case for EB1 and EB3 in CHO cells [21] . In N1E-115 cells, EB1 enhances MT growth rate and increases catastrophe frequency. Its role in neurite length determination might be related to this ''core'' function. EB1 may act by stimulating specific ''events'' at MT ends [28] , for example, conformational changes and/or GTP hydrolysis ( Figure 4G ). In contrast to EB1, CLIPs do not influence MT end structure in neurons. Instead, these proteins might alter the MT/tubulin ratio, thereby affecting MT growth rates. 
